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ABSTRACT

Two, 14.1-percent-thick, natural-laminar-flow airfoils, the S415 and S418, intended
for the blade of a slowed-rotor helicopter have been designed and analyzed theoretically. The
S415 airfoil, designed for the hover condition, is “unmorphed” into the S418 airfoil, which is
more suitable for forward flight. The two primary objectives of high maximum lift and low
profile drag have been achieved. The constraints on the pitching moments have been satis-
fied.

INTRODUCTION

Almost all airfoils in use on rotorcraft today were developed under the assumption that
extensive laminar flow is not likely on a rotor. (See ref. 1, for example.) For the present
application, however, given the moderate Reynolds numbers and the exploratory nature of the
study, the achievement of laminar flow warrants examination.

The two airfoil shapes designed under the study are intended for the blade of a slowed-
rotor helicopter. The airfoil was initially designed for the hover condition and then *“unmor-
phed” into a shape more suitable for forward flight. (See ref. 2.) To complement the design
study, an investigation was conducted in The Pennsylvania State University Low-Speed, Low-
Turbulence Wind Tunnel to obtain the basic, low-speed, two-dimensional aerodynamic char-
acteristics of the hover configuration (ref. 3). These airfoil shapes are part of an effort spon-
sored by the U.S. Army to design theoretically and verify experimentally several airfoils for
rotorcraft applications.

SYMBOLS
Cp pressure coefficient
c airfoil chord, mm (in.)
Cq section profile-drag coefficient
C| section lift coefficient
Cm section pitching-moment coefficient about quarter-chord point
M free-stream Mach number
R Reynolds number based on free-stream conditions and airfoil chord
t airfoil thickness, mm (in.)

X airfoil abscissa, mm (in.)



o angle of attack relative to x-axis, deg

Subscripts:

dd drag divergence

I lower limit of low-drag range
max maximum

min minimum

S separation

T transition

ul upper limit of low-drag range
0 zero lift

Abbreviations:

L. lower surface
S. boundary-layer separation location, Xg/C
T. boundary-layer transition location, Xx/c
U. upper surface

AIRFOIL DESIGN

OBJECTIVES AND CONSTRAINTS

The airfoil design specifications are contained in table 1. Two primary objectives are
evident for the hover configuration (table 1(a)). The first objective is to achieve a maximum
lift coefficient of 1.50 at a Mach number of 0.50 and a Reynolds number of 5.00 x 108. A
requirement related to this objective is that the maximum lift coefficient not decrease signifi-
cantly with transition fixed near the leading edge on both surfaces. In addition, the airfoil
should exhibit docile stall characteristics at a Mach number of 0.2 and a Reynolds number of
2.0 x 108, which is within the operational range of The Pennsylvania State University Low-
Speed, Low-Turbulence Wind Tunnel. The second objective is to obtain low profile-drag
coefficients over the range of lift coefficients from 0.60 to 1.40 at a Mach number of 0.50 and
a Reynolds number of 5.00 x 10%. One major constraint was placed on the design: At a Mach



number of 0.40 and a Reynolds number of 4.00 x 109, the pitching-moment coefficient at a lift
coefficient of 1.50 must be no more negative than —0.10.

Two primary objectives are evident for the forward-flight configuration (table 1(b)).
The first objective is to achieve a maximum lift coefficient of 0.80 at a Mach number of 0.60
and a Reynolds number of 6.00 x 10%. A requirement related to this objective is that the max-
imum lift coefficient not decrease significantly with transition fixed near the leading edge on
both surfaces. In this configuration, the airfoil is not expected to exceed the maximum lift
coefficient and, therefore, the stall characteristics are irrelevant. The second objective is to
obtain low profile-drag coefficients over the range of lift coefficients from 0.02 to 0.10 at a
Mach number of 0.70 and a Reynolds number of 7.00 x 108. Two major constraints were
placed on this configuration: First, at a Mach number of 0.72 and a Reynolds number of
7.20 x 10°, the zero-lift pitching-moment coefficient must be no more negative than —0.02;
second, the airfoil thickness must equal that of the hover configuration (i.e., the midchord
region of the airfoil does not morph).

PHILOSOPHY

Given the above objectives and constraints, certain characteristics of the designs are
apparent. The following sketch illustrates a drag polar that meets the goals for the hover con-
figuration.

1.50 — C
1.40 B
C
60 — A
0
Cq
Sketch 1

The desired airfoil shape can be traced to the pressure distributions that occur at the various
points in sketch 1. Point A is the lower limit of the low-drag range of lift coefficients; point B,
the upper limit. The profile-drag coefficient at point B is not as low as at point A, unlike the



polars of many laminar-flow airfoils where the drag coefficient within the laminar bucket is
nearly constant. (See, for example, ref. 4.) This characteristic is related to the elimination of
significant (i.e., drag-producing) laminar separation bubbles on the upper surface for the
design Reynolds number. (See ref. 5.) The drag coefficient increases rapidly outside the low-
drag, lift-coefficient range because boundary-layer transition moves quickly toward the lead-
ing edge with increasing (decreasing) lift coefficient. This feature results in a leading-edge
shape that produces a suction peak at higher lift coefficients, which ensures that transition on
the upper surface will occur very near the leading edge. Thus, the maximum lift coefficient,
point C, occurs with turbulent flow along the entire upper surface and, therefore, should be
relatively insensitive to roughness at the leading edge.

From the preceding discussion, the pressure distributions along the polar can be
deduced. The pressure distribution at point A should look something like sketch 2.

Sketch 2

To achieve low drag, a favorable pressure gradient is desirable along the upper surface to
about 30-percent chord. Aft of this point, a short region having a shallow, adverse pressure
gradient (i.e., a “transition ramp”) promotes the efficient transition from laminar to turbulent
flow (ref. 6). The transition ramp is followed by a concave pressure recovery, which exhibits
lower drag and has less tendency to separate than the corresponding linear or convex pressure
recovery (ref. 6). The specific pressure recovery employed represents a compromise between
maximum lift, drag, pitching moment, stall characteristics, and drag divergence. The steep,
adverse pressure gradient aft of about 90-percent chord is a “separation ramp,” originally pro-
posed by F. X. Wortmann,! which confines turbulent separation to a small region near the
trailing edge. By constraining the movement of the separation point at high angles of attack,



higher lift coefficients can be achieved with little drag penalty. (See ref. 7.) This feature has
the added benefit of promoting docile stall characteristics. (See ref. 8.)

Along the lower surface, the pressure gradient is initially adverse and then favorable to
about 45-percent chord. Thus, transition is imminent over the forward portion of the lower
surface. (See ref.9.) This concept allows a wide low-drag range to be achieved and increases
the loading in the leading-edge region. The forward loading serves to balance, with respect to
the pitching-moment constraint, the aft loading, both of which contribute to the achievement
of a high maximum lift coefficient and low profile-drag coefficients. This region is followed
by a transition ramp and then a concave pressure recovery.

The amounts of pressure recovery on the upper and lower surfaces are determined by
the width of the low-drag, lift-coefficient range and the pitching-moment constraint.

At point B, the pressure distribution should look like sketch 3.

Sonic limit
EEEEEEEE NN

Sketch 3

IDirector, Institute for Aerodynamics and Gas Dynamics, University of Stuttgart, Germany, 1974-1985.



No suction peak exists at the leading edge. Instead, a moderately adverse pressure gradient
extends from the leading edge to the beginning of the pressure recovery.

EXECUTION

Given the pressure distributions previously discussed, the design of the airfoil in the
hover configuration is reduced to the inverse problem of transforming the pressure distribu-
tions into an airfoil shape. The Eppler Airfoil Design and Analysis Code (refs. 10 and 11) was
used because of its unique capability for multipoint design and because of confidence gained
during the design, analysis, and experimental verification of many other airfoils. (See ref. 12,
for example.) The airfoil in the hover configuration is designated the S415. The airfoil shape
for forward flight was derived by deflecting the leading- and trailing-edge regions upward.
The airfoil in the forward-flight configuration is designated the S418. The airfoil shapes and
coordinates are available from Airfoils, Incorporated. The airfoil thickness is 14.1-percent
chord.

THEORETICAL PROCEDURE

The results are predicted using the method of references 10 and 11 (PROFILQ7), com-
monly known as the Eppler code, and the method of reference 13 (MSES 3.0). Critical ampli-
fication factors of 11 and 9 were specified for the boundary-layer transition computations
using the method of references 10 and 11 and the method of reference 13, respectively.
Because the maximum lift coefficient computed by the method of references 10 and 11 is not
always realistic, an empirical criterion has been applied to the computed results. The criterion
assumes the maximum lift coefficient has been reached if the drag coefficient of the upper sur-
face reaches a certain value that is a function of the Reynolds number and the wind-tunnel
facility. It should also be noted that the compressibility correction (ref. 14) incorporated in the
method of references 10 and 11 is invalid if the local flow is supersonic.

Computations were performed over the range of operational conditions in table I with

transition free (smooth) and with transition fixed near the leading edge, 2-percent chord on the
upper surface and 5-percent chord on the lower surface, to simulate full-chord, turbulent flow.

DISCUSSION OF RESULTS

S415 AIRFOIL
Pressure Distributions

The pressure distributions for the S415 airfoil predicted using the method of refer-
ence 13 at various angles of attack at a Mach number of 0.50 and a Reynolds number of
5.00 x 10° with transition free are shown in figure 1. Atan angle of attack of 0.00° (fig. 1(a)),
a short laminar separation bubble is evident on the upper surface around 40-percent chord and



on the lower surface just aft of the leading edge. At an angle of attack of 1.00° (fig. 1(a)), the
bubble on the lower surface has jumped aft to around 60-percent chord. As the angle of attack
is increased, the bubble on the upper surface migrates slowly forward and the one on the lower
surface, slowly aft (figs. 1(a)-1(c)). At an angle of attack of 7.00° (fig. 1(c)), the flow over
the forward 20-percent chord of the upper surface is supersonic. At an angle of attack of 8.00°
(fig. 1(c)), despite significant supersonic flow, no wave drag or turbulent, trailing-edge separa-
tion is predicted.

Section Characteristics

The section characteristics of the S415 airfoil at a Mach number of 0.50 and a Reyn-
olds number of 5.00 x 108 with transition free predicted using the method of references 10 and
11 (PROFILO7) and the method of reference 13 (MSES 3.0) are shown in figure 2. The
results are in reasonably good agreement. (It should be remembered that the compressibility
correction incorporated in the method of refs. 10 and 11 is invalid if the local flow is super-
sonic and, accordingly, only subsonic results are shown.) The method of reference 13 gener-
ally predicts lower profile-drag coefficients. The method predicts a maximum lift coefficient
that exceeds the design objective of 1.50. The method of references 10 and 11 predicts the
lower limit of the low-drag, lift-coefficient range meets the objective, but the upper limit is
below the objective of 1.40. Conversely, the method of reference 13 predicts the lower limit is
above the objective of 0.60, but the upper limit exceeds the objective. Neither method con-
firms the objective for the minimum lift coefficient, 0.40, can be achieved. Ata Mach number
of 0.40 and a Reynolds number of 4.00 x 10° the method of reference 13 predicts the
pitching-moment coefficient at a lift coefficient of 1.50 is —0.10, which satisfies the design
constraint.

The effect of fixing transition on the section characteristics is shown in figure 3. The
lift-curve slope, the maximum lift coefficient, and the magnitude of the pitching-moment
coefficients decrease with transition fixed. These results are a consequence of the boundary-
layer displacement effect, which decambers the airfoil because the displacement thickness is
greater with transition fixed than with transition free. In addition, the lift coefficient decreases
with transition fixed because the roughness induces earlier trailing-edge separation. (See
fig. 3(a).) The reduction in maximum lift coefficient is 3 percent. The drag coefficients are,
of course, adversely affected by fixing transition.

Based on the predictions, all the design objectives and the design constraint for the
S415 airfoil have essentially been met.
S418 AIRFOIL
Pressure Distributions

The pressure distributions for the S418 airfoil predicted using the method of refer-
ence 13 at various angles of attack at a Mach number of 0.60 and a Reynolds number of



6.00 x 10° with transition free are shown in figure 4. At an angle of attack of 0.00° (fig. 4(a)),
a short laminar separation bubble is evident on the upper surface around 50-percent chord and
on the lower surface around 55-percent chord. As the angle of attack is increased, the bubble
on the upper surface moves forward and the bubble on the lower surface migrates slowly aft
(figs. 4(a) and 4(b)). At an angle of attack of 4.00° (fig. 4(b)), the flow near the leading edge
on the upper surface is supersonic, but no wave drag is predicted. At an angle of attack of
5.00° (fig. 4(b)), a shock is evident on the upper surface and significant wave drag is pre-
dicted.

The pressure distributions predicted at various angles of attack at a Mach number of
0.70 and a Reynolds number of 7.00 x 108 with transition free are shown in figure 5. At an
angle of attack of 0.00° (fig. 5(a)), a short laminar separation bubble is evident on the upper
surface around 45-percent chord and on the lower surface around 55-percent chord, just aft of
a small supersonic region. At an angle of attack of 0.50° (fig. 5(a)), the flow over both sur-
faces is subsonic. As the angle of attack is increased, the bubble on the upper surface moves
forward and the one on the lower surface migrates slowly aft (fig. 5(a)). At an angle of attack
of 1.00° (fig. 5(a)), the flow over about 20 percent of the upper surface is supersonic. At an
angle of attack of 2.00° (fig. 5(b)), despite significant supersonic flow, little wave drag and no
turbulent, trailing-edge separation are predicted.

Section Characteristics

The section characteristics of the S418 airfoil with transition free at a Mach number of
0.60 and a Reynolds number of 6.00 x 10° and at a Mach number of 0.70 and a Reynolds
number of 7.00 x 108 predicted using the method of references 10 and 11 (PROFIL07) and the
method of reference 13 (MSES 3.0) are shown in figure 6. The results are in reasonable
agreement. (Again, it should be remembered that only subsonic results are shown for the
method of refs. 10 and 11.) The method of reference 13 generally predicts lower profile-drag
coefficients, at least in part because it predicts transition farther aft. At a Mach number of
0.60 and a Reynolds number of 6.00 x 108 (fig. 6(a)), the method of reference 13 predicts a
maximum lift coefficient that meets the design objective of 0.80. At a Mach number of 0.70
and a Reynolds number of 7.00 x 10° (fig. 6(b)), both methods predict a low-drag, lift-
coefficient range that meets the design objective. At a Mach number of 0.72 and a Reynolds
number of 7.20 x 10°, the method of reference 13 predicts the zero-lift pitching-moment coef-
ficient is 0.03, which surpasses the design constraint. The method predicts a drag-divergence
Mach number of 0.73, which is below the design goal of 0.75.

The effect of fixing transition on the section characteristics is shown in figures 7 and 8.
Neither method predicts significant effects, except on the drag coefficients.

Based on the predictions, all the design objectives for the S418 airfoil have essentially
been met.



CONCLUDING REMARKS

Two, 14.1-percent-thick, natural-laminar-flow airfoils, the S415 and S418, intended
for the blade of a slowed-rotor helicopter have been designed and analyzed theoretically. The
S415 airfoil, designed for the hover condition, is “unmorphed” into the S418 airfoil, which is
more suitable for forward flight. The two primary objectives of high maximum lift coeffi-
cients and low profile-drag coefficients have been achieved. The constraints on the pitching-
moment coefficients have been satisfied.
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TABLE I.- AIRFOIL DESIGN SPECIFICATIONS

(a) Hover configuration

Obiective/ Mach Reynolds
Parameter JeCtv Number Number Priority

Constraint

M R
Minimum lift coefficient 0.40 Medium
Cl,min '
Maximum lift coefficient 150 High
Cl,max '
0.50 5.00 x 10°

Lower limit of low-drag, i
lift-coefficient range c; 0.60 Medium
Upper limit of low-drag, .
lift-coefficient range ¢ 140 High
Pitching-moment 6
coefficient ¢, at ¢ = 1.50 >-0.10 0.40 4.00 x 10 Low
Thickness t/c — —

Other:
Maximum lift coefficient c| ¢ relatively independent of leading-edge roughness

Docile stall characteristics at M =0.2 and R =2.0 x 108 (i.e., verifiable in The
Pennsylvania State University Low-Speed, Low-Turbulence Wind Tunnel)

12




TABLE I.- Concluded

(b) Forward-flight configuration

Obiective/ Mach Reynolds
Parameter JeCtv Number Number Priority
Constraint
M R
Minimum lift coefficient 0.00 0.72 290 x 10° Medium
Cl,min ' ' .
Maximum lift coefficient 0.80 0.60 6.00 x 10° Low
Cl,max ' ' .
Lower limit of low-drag, i
lift-coefficient range cj 0.02 High
0.70 7.00 x 10°
Upper limit of low-drag, .
lift-coefficient range ¢ 0.10 Medium
Zero-lift pitching-moment B 6 i
coefficient ¢y >-0.02 0.72 7.20 x 10 High
Thickness
Thickness t/c of hover Constraint

configuration

Other:

Maximum lift coefficient c| ¢ relatively independent of leading-edge roughness

Drag-divergence Mach number My4 > 0.75 at ¢;=0.00

13



o« relative to the x—-axis

(a) o =0.00° 1.00°, and 2.00°.

Figure 1.- Pressure distributions for S415 airfoil at M =0.50 and R =5.00 x 10% with transi-
tion free.
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f/ o relative to the x—axis

(b) o =3.00°, 4.00°, and 5.00°.

Figure 1.- Continued.
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(c) o =6.00° 7.00° and 8.00°.

Figure 1.- Concluded.
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Figure 2.- Section characteristics of S415 airfoil at M =0.50 and R =5.00 x 10% with transition free.
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Figure 3.- Effect of fixing transition on section characteristics of $415 airfoil at M =0.50 and R =5.00 x 10°.
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o« relative to the x—-axis

(a) o =0.00° 1.00°, and 2.00°.

Figure 4.- Pressure distributions for S418 airfoil at M =0.60 and R =6.00 x 10% with transi-
tion free.
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o relative to the x—axis

(b) o =3.00°, 4.00°, and 5.00°.

Figure 4.- Concluded.
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(a) o =0.00° 0.50° and 1.00°.

Figure 5.- Pressure distributions for S418 airfoil at M =0.70 and R =7.00 x 10% with transi-
tion free.
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(b) o =1.50° and 2.00°.

Figure 5.- Concluded.
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(a) M=0.60 and R =6.00 x 10°.

Figure 6.- Section characteristics of S418 airfoil with transition free.
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(b) M=0.70 and R =7.00 x 10°.

Figure 6.- Concluded.
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Figure 7.- Effect of fixing transition on section characteristics of $418 airfoil at M =0.60 and R =6.00 x 10°.
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Figure 8.- Effect of fixing transition on section characteristics of $418 airfoil at M =0.70 and R =7.00 x 10°.
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